Post-thoracotomy pain syndrome (PTPS) has been well established as a clinically important entity after thoracotomy with persistent pain in 30-40% of patients; 1 2 of which, about 60% experience reduction in daily activities. 3 Nerve injury after the use of a rib retractor during thoracotomy is frequent, 4 although this may only be a contributory factor for PTPS as not all patients with nerve injury end up with persistent pain. 5 Video-assisted thoracic surgery (VATS) is a minimally invasive procedure that potentially may reduce PTPS, but clinical studies have so far not been able to show a clear reduction in incidence of PTPS. 3 6-8 In the only study investigating nerve injury after VATS, higher electrical thresholds were found for assisted-VATS and thoracotomy in the early postoperative period, but not 12-24 weeks after surgery. 9 Further, postoperative paraesthesias after VATS for benign conditions have been reported in .50%, 10 but detailed neurophysiological characterization of persistent pain after VATS lobectomy has so far not been reported. Thus, our objective was to characterize sensory disturbances after VATS lobectomy using a quantitative sensory testing (QST) protocol determining thermal, tactile, and pressure thresholds, mapping of cool allodynia, and hyper/ hypoaesthesia in patients with and without persistent postoperative pain after VATS lobectomy. This protocol allows detection of the sensory loss and signs of sensitization (hyperalgesia, allodynia, and temporal summation) from cutaneous and deep structures in patients with and without PTPS after VATS lobectomy, as previously performed in persistent pain states after other surgical procedures.
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Methods
Patients
The study was approved by the Regional Ethics Committee and was registered at clinicaltrials.gov (NCT01068457). Thirteen pain patients (PTPS) and 35 pain-free patients after VATS lobectomy (age .18 yr) were recruited from a prospective institutional VATS database (Fig. 1) . From January 1, 2005, to December 31, 2008, 187 patients had VATS lobectomy performed and were alive on October 1, 2009. Responders who had given consent to further contact (91% with PTPS and 95% of pain-free patients) from the investigation were contacted by telephone. A number of patients declined participation either due to concurrent somatic disease or due to transportation issues. All PTPS patients were contacted for participation which required verbal and written informed consent before inclusion. Exclusion criteria were: known sensory changes from medical conditions (i.e. infections affecting the investigation area, post-herpetic neuralgia), inability to understand Danish, cognitive dysfunction, drug or alcohol abuse, repeated thoracic surgery, current analgesic treatment, or inability to cooperate. All patients filled out a detailed questionnaire on pain and its consequences before the QST. 3 
Surgery and anaesthesia
Two surgeons (H.J.H., R.H.P.) performed all VATS lobectomies via a uniform anterior three-port technique. 15 Standardized port placements were used regardless of the lobe to be resected. A 4 -5 cm anterior incision, without use of the tissue retractor or rib spread, was made between the breast and the lower angle of the scapula in the fourth intercostal space just anterior to the m. latissimus dorsi. Two low ports were placed at a level corresponding to the top of the diaphragm. The camera port was anterior to the hilum, and the last port in line with the scapula. At the end of surgery, a drain (size CH 28) was inserted in the anterior port. General anaesthesia was achieved using propofol, remifentanil, and rocuronium in combination with thoracic epidural analgesia (bupivacaine 5 mg ml 21 intraoperatively and bupivacaine 2.5 mg ml 21 with morphine 50 mg ml 21 , 4-6 ml h Recruited but later declined participation 
Questionnaires
All patients filled out a questionnaire on surgical pain location, pain intensity, pain from other body locations, effect of pain on daily activities, and sensory sensations, 3 including six of the most prominent characteristics for neuropathic pain. 16 Intensity was scored using a numerical rating scale (NRS) 0-10 (0, no pain, and 10, worst pain imaginable). The questionnaire also included the hospital anxiety and depression scale (HADS) 17 and the pain catastrophizing scale (PCS).
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Quantitative sensory testing
The testing procedure was described and demonstrated to the patient. The patients were instructed to close their eyes and concentrate on the stimuli-evoked sensations. Test results were blinded for participants during the test procedure. Tests were first performed on the contralateral forearm in order to assess general pain hypersensitivity followed by tests in the thoracic areas. On the thorax, testing was performed 3 cm anterior to the uppermost scar (with the contralateral area as the control) and 3 cm in front of the lower anterior port (Fig. 2) . The test order on the thorax (control followed by the operated side or vice versa) was determined by randomization.
Sensory mapping
Sensory mapping was performed around the scar and both portholes using one of the two cool metal rollers at 258C (Rolltemp, Somedic AB, Hörby, Sweden, width 1.6 or 3.2 cm). Sensory mapping started as far away as possible from the surgical area on the operated hemi-thorax and the metal roller was moved radially towards the scar (or portholes) at 1-2 cm s 21 covering 3608 with 1.5 or 3 cm intervals (Fig. 2) . Areas with altered cool sensitivity were indicated with a marker, transferred to a template, and then scanned and analysed using Quantify Image Light 9.1 (K:L:O:N:K, Sorø, Denmark).
Tactile assessments
Twenty monofilaments (Semmes -Weinstein Monofilaments, Stoelting, IL, USA) were used to assess the tactile detection threshold (TDT) and tactile pain threshold (TPT) using the method of levels. 19 
Thermal assessments
Warmth detection threshold (WDT), cool detection threshold (CDT), heat pain threshold (HPT), and cold pain threshold (CPT) were assessed (Thermotest, MSA, Somedic AB). The thermode (2.5×5.0 cm) was applied to the skin and stimulation was performed in triplicate, starting from a baseline temperature of 32.18C with a temperature rate of +18C s
21
to cut-off limits of 528C or 58C for heat and cold measurements, respectively. Patients indicated detection and pain thresholds by pressing a handheld button, thus terminating the stimuli.
Temporal summation
Temporal summation was assessed by repetitive brushstrokes (SENSELab brush no. 5, Somedic AB) and monofilaments with a rate of 1 Hz for 60 s. The monofilament used for temporal summation was one nominal value below TPT. Evoked pain scores (NRS 0-10) were recorded every 15 s during repetitive stimulation for 1 min. The test was considered positive if NRS increased by more than 2 compared with baseline score.
Pressure algometry assessments
Pressure pain threshold (PPT) and pressure pain tolerance threshold (PPTo) were measured using an algometer (Somedic AB) with a 1 cm 2 neoprene-coated tip (Fig. 2 ).
The algometer was applied perpendicular to the skin (30 kPa s 21 ) using a cut-off value of 400 kPa. When pain or the maximum tolerable pain was perceived, the patient activated a handheld button. Assessment of PPT was done in triplicate, PPTo only once.
Data analysis
Since we were unable to find published data on QST after VATS lobectomy, no pre-study power calculation was possible. Data were analysed, using PASW 18.0 (SPSS Inc., Chicago, IL, USA). For tactile measurement, the geometric mean was calculated and for other repeated tests, the mean was used. If data were not normally distributed, various transformation procedures were attempted. However, the attainment of a normal or near-normal distribution could not be achieved for TPT, CDT, CPT, and PTTo. The paired-samples t-test (parametric data) or Wilcoxon signed rank-sum test (non-parametric data) was used for paired data, and unpaired data were compared using independent-samples t-test. Binary outcomes were tested using Fisher's exact test (two-sided). Data are presented as mean with 95% confidence intervals (CIs), or as median with 10th and 90th percentiles (due to the relatively small number of PTPS patients). Side-to-side differences were calculated using means in Dtest¼thorax operated 2thorax control or Dtest¼thorax drain 2thorax control . A post hoc power analysis demonstrated that for n¼48, a significance level of 0.05, a power of 0.8 (b¼0.2), and, using a large effect size, a stepwise regression analysis with five independent variables were possible. 20 21 Thus, a stepwise backward regression was performed using a general linear univariate model. Results
Patient characteristics
The mean age was 66 yr (CI: 64 -69) and the mean time from surgery to QST was 33 months (CI: 29 -37). Gender was distributed evenly in the two groups (Table 1) . Patients reported moderate pain at three defined levels of activity: rest, walking, and physically active, defined as cleaning, washing car, dancing, or mowing the lawn (Table 1) . Pain was experienced constantly or daily in three of 13 patients. Pain from other locations was present in nine of 13 PTPS patients vs 16 of 35 pain-free patients (P¼0.21). Two pain patients used analgesics regularly, one patient used weak analgesics (acetaminophen) and one patient used strong opioids. Patients were comparable with regard to the number of lobes resected and TNM stage ( Table 1 ). 
Contralateral forearm
No significant differences in responses for tactile, thermal, and pressure stimulations between the groups were found for any of the tests and no patient showed signs of temporal summation on the contralateral forearm (Supplementary Table S1 ).
Thoracic sensory mapping and temporal summation
Hypoaesthesia to cool during sensory mapping was found in 38 patients (79%) while nine patients (19%) could selfidentify numbness in the questionnaire. The total area of hypoaesthesia in PTPS patients was 100 cm 2 (0 -371) vs 37 Thoracic tactile, thermal, and pressure tests PTPS patients had increased thresholds on the operated side for TDT (P,0.01) ( Table 2 ) and both PTPS and pain-free patients had increased WDT (P¼0.04, respectively, P¼0.03) ( Tables 2 and 3 ). In addition, pain-free patients demonstrated increased thresholds on the operated side to cool detection and cold pain (P,0.01 and 0.03, Table 3 ). Side-to-side difference for TDT was increased in PTPS patients compared with pain-free patients (Table 4 , group comparison). No side-to-side differences were seen in the pressure tests for PTPS, pain-free patients, or between groups. 
Anterior porthole (drain site)
In PTPS patients, no differences were observed in thermal thresholds in front of the drain when compared with the control side (Table 5 ). In contrast, pain-free patients had increased thresholds for warmth (P,0.01) and cool detection (P¼0.02) in front of the drain site when compared with the control side. These drain-to-control differences were not significantly different when comparing the PTPS group with the pain-free group (Table 5) .
Questionnaires, psychological factors, and sensory disturbances
Our questionnaire asked specifically about prickling/tingling/ pins and needles, electric shocks or shooting, hot or burning, numbness, pain evoked by light touching, painful cold, or freezing pain. 16 One or more of these symptoms were seen in 10 of 13 PTPS patients vs 13 of 34 pain-free patients (Table 1) . Total HADS score was higher in PTPS vs pain-free patients (P,0.01, Table 1 ). Clinically relevant levels of HADS score ('non-cases'¼0-7, 'doubtful'¼8-10, and 'definite cases' ≥11) 17 were compared with areas of hypo-and hyperaesthesia, but no significant relation was found (Table 6 ). Finally, no difference was found when comparing PCS between pain groups.
The univariate regression model
QST parameters and psychological factors should be considered in the diagnosis of all types of pain and in particular neuropathic pain. 22 
Discussion
This is the first study to characterize sensory function using a detailed QST protocol 30-34 months after VATS lobectomy in patients with and without persistent postsurgical pain. We demonstrated that Ab, Ad, and C-fibres 19 had elevated thresholds on the operated side compared with the control side, but did not find this for type III and IV nerve fibres (PPT and PTTo). Importantly, we did not observe signs of generalized pain hypersensitivity in PTPS patients. These findings are less pronounced compared with the demonstration of significant nerve injury after thoracotomy. 1 4 23 24 In conclusion, nerve injury during thoracic surgery has been demonstrated, but other factors are likely to be involved in the development of persistent pain after thoracotomy or VATS procedures. 1 
QST findings
Similar to other persistent postsurgical pain states, 11 12 25 we observed increased thresholds on the operated side compared with the control side, in both pain and pain-free patients. But, in contrast to persistent pain states after breast cancer 25 and hernia repair, 26 showing thermal thresholds to be increased in pain patients compared with controls, we could only show thresholds for tactile detection to be significantly higher in pain patients compared with painfree patients. Also central sensitization has been suggested to be part of other persistent pain states, 11 12 25 but we could not display increased temporal and spatial summation in pain patients after VATS lobectomy. Finally, deep tissue nerve injury appears to be of less importance as we could not show altered thresholds to pressure on the operated side compared with the control side in any group, but the rigid thoracic wall may hamper compression of deep tissue and nerves, thus hindering assessment of thresholds. Using a non-physiological stimulus, Miyazaki and colleagues 9 assessed electrical thresholds at three frequencies before and after operation but could not show late (≥12 weeks after operation) nerve injury compared with baseline after VATS surgery, assisted-VATS, or thoracotomy. Possibly, the electrical testing method used was not sensitive enough since it was unable to detect late nerve injury even after thoracotomy which is considered to be extensive. 2 Also, no details with regard to pain intensity, location of pain, psychological factors, or whether the electric stimulation tested the injured nerve(s) were available. 9 Our results are partly in agreement since we observed increased TDT (Ab) in PTPS patients compared with pain-free patients late after VATS. However, using thermal assessments, we also demonstrated signs of injury to small nerve fibres in both PTPS and pain-free patients.
Temporal summation
PTPS patients did not demonstrate increased temporal summation to brush or pin-prick stimuli compared with pain-free patients. This could indicate that PTPS is not pathophysiologically linked to a pronounced central sensitization of the pain system after VATS surgery. However, we did adjust our pinprick stimuli to be just below the pain threshold in order to more easily detect a painful summation response and required an NRS increase .2 for a positive test.
Sensory changes
Our data suggest that self-reported sensory sensations might be of limited value since only 19% of patients reported hypoaesthesia compared with the 79% of patients who demonstrated cool hypoaesthesia during the sensory mapping. Consequently, even specific neuropathic questionnaires 8 16 may underestimate neuropathic components of pain. Alternatively, our detailed QST investigation may detect differences that are less clinically relevant since they are unnoticed by the patients. Finally, it has been proposed, after heart surgery, that hypo-and hyperaesthesia are correlated to HADS score, 27 findings that were not corroborated in the present study.
Lower anterior port
Since our VATS protocol utilized a three-port access to the thoracic cavity, we also investigated the area in front of the camera port which is used for the drain insertion. Temperature thresholds were increased on the drain side, in pain-free patients, compared with the control side but when comparing the side-to-side differences, no differences between pain groups were found (Table 5 ). These findings suggest that nerve injury from the port incision and drain insertion is prevalent, but does not necessarily constitute a key factor for the development of persistent pain after VATS lobectomy.
Limitations
First, a primary endpoint was not presented in this exploratory study. Our aim was to characterize sensory changes using a standardized QST protocol. Thus, some results could be a consequence of mass significance, resulting in type I errors. However, a stepwise regression model confirmed the importance of TDT and HADS in relation to PTPS. Secondly, albeit the patient's pain status was not blinded to the investigator, the test results were blinded to the patient and the testing-sequence on the thorax was randomized to avoid bias due to patient fatigue. Thirdly, the low number of pain patients decreases statistical power, but recruitment was extremely difficult in this elderly population (Fig. 1) . Fourthly, although unlikely, sensory abnormalities could have been present before operation. Additionally, the HADS score was different between the groups but our follow-up design does not allow deductions on whether the increased anxiety score is due to pain or vice versa.
Finding an adequate statistical reporting method was challenging, since several test parameters were not normally distributed even after transformations. Ceiling and floor effects were apparent due to cut-off values chosen to ensure patient comfort and avoid tissue injury.
In conclusion, increased side-to-side differences in thresholds suggest nerve injury to be present on the operated side in both PTPS and pain-free patients more than 2 yr after VATS. However, no major QST differences between PTPS and pain-free VATS patients could be found, suggesting other factors than intercostal nerve injury per se to be important for the development of PTPS after VATS lobectomy.
Supplementary material
Supplementary material is available at British Journal of Anaesthesia online.
